Abstract-In this paper, indirect microwave holographic imaging of concealed ordnance is demonstrated. The proposed imaging technique differs from conventional microwave imaging methods in that it does not require the direct measurement of the complex field scattered from the imaged object but mathematically recovers it from intensity-only scalar microwave measurements. This brings the advantages of simplifying the hardware implementation and significantly reducing the cost of the imaging system. In order to demonstrate the ability of the proposed technique to reconstruct good quality images of concealed ordnance, indirect microwave holographic imaging of a metallic gun concealed in a pouch is carried out for airport security imaging applications. It is demonstrated that good resolution amplitude and phase images of concealed objects can be recovered when back-propagation is applied.
INTRODUCTION
The use of microwaves and millimeter-waves for the imaging of concealed objects in security applications is of great importance due to their ability to penetrate through optically opaque materials. In view of this, a significant amount of research, which is mostly based upon direct holography [1, 2] , inverse scattering [3] [4] [5] , synthetic aperture radar (SAR) [6] , inverse SAR (ISAR) [7] and microwave tomography [8] [9] [10] [11] imaging techniques, has been performed in this field with promising results. However, a major disadvantage associated to these conventional imaging techniques is the requirement of using expensive vector measurement equipment in order to measure the complex field scattered from the imaged object.
Indirect microwave holographic imaging differs from conventional microwave imaging techniques in that it does not require the use of expensive vector measurement equipment to obtain the complex field scattered from the object under imaging, but mathematically recovers it from low-cost intensity-only scalar microwave measurements. This simplifies the hardware implementation and significantly reduces the cost of the imaging system.
In this paper, the use of indirect microwave holography for the phaseless imaging of concealed ordnance is demonstrated. In the literature, indirect microwave holography was proved to have a significant potential to be employed in the measurement of complex antenna near-field and far-field radiation patterns [12, 13] . Recently, this technique has been extended to the imaging of early-stage breast cancer tumors [14] and unconcealed metallic objects [15] . Although promising results have been achieved in [14, 15] , the reconstruction of the original scattered field in these works was limited to the measurement plane. This brings a significant challenge for the imaging of concealed objects, which requires the reconstruction of the scattered field at the object plane under the concealed medium to achieve optimum imaging response. In this paper, this challenge is addressed by back-propagating the reconstructed original scattered field at the measurement plane to the plane of the concealed object and it is demonstrated that good quality images of concealed objects can be achieved when the backpropagation algorithm is applied.
INDIRECT MICROWAVE HOLOGRAPHIC IMAGING
A diagrammatic representation of the indirect microwave holographic imaging system is demonstrated in Figure 1 (a) while the imaging system set-up is shown in Figure 1 Figure 1 . Indirect microwave holographic imaging system, (a) diagrammatic representation, (b) imaging system set-up for the imaging of concealed ordnance.
As can be seen in Figure 1 , the indirect microwave holographic imaging system consists of two computer controlled open-ended waveguide antennas performing a point-by-point scan across the imaging plane (x-y plane) with a sample spacing of ∆x and ∆y in the x-and y-axes. The waveguide antennas have an operational cut-off frequency range of 7.5-12.5 GHz. While one waveguide antenna acts as a transmitting antenna, the other acts as a receiving antenna. The transmitting antenna is fed through an RF signal generator and radiates towards the imaged object at each sampling point. The receiving antenna collects the scattered signal from the object at the corresponding sampling point and feeds it to a hybrid tee where the scattered signal is combined with a reference signal which is tapped from the RF signal generator through a directional coupler. The obtained data at the output of the scalar microwave power meter, I(x, y), can be given as
Equation (1) denotes the holographic intensity pattern of the imaged object, in which E s (x, y) is the scattered field from the object while E r (x, y) is the introduced coherent reference signal. From Equation (1) the following can be obtained
As can be seen in Equation (2), while the first and second components are amplitude only components, the third and fourth components have a complex form and therefore consist of amplitude and phase data. Both of these components contain the required complex field scattered from the imaged object. Fourier transform of Equation (2) gives the following
Equation (3) is known as the plane wave spectrum (PWS) of the imaged object, which is illustrated in Figure 2 . As shown in Figure 2 , while the sum of the first and second components in Equation (3) are placed in the center of the spectrum due to their scalar-only DC structure, the third and fourth components are shifted towards the edges of the PWS due to the convolution of the scattered field with the introduced coherent reference signal in the frequency domain. In Figure 2 , k r is the offset wave vector introduced by the reference signal which can be given as
where, k r = ∆φ/∆x, x-axis phase shift ∆φ/∆y, y-axis phase shift
In Equation (5), ∆φ denotes the linear phase shift introduced by the coherent reference signal and can be applied in the x-axis, in the y-axis or as a combination of both. Given that the PWS of the imaged object is band limited to ±k M as can be seen in Figure 2 , k r should be selected as k r ≥ 3k M to ensure that no overlap is present in the PWS to achieve a correct filtering of the PWS components. In this paper, ∆φ is applied in the y-axis and selected as 2π/3 rad. while sample spacing ∆x and ∆y is selected as λ 0 /4 resulting in a separation of k r = 4k 0 /3 between the PWS components in Figure 2 , where k 0 is the wavenumber in free space. Introducing the offset wave vector in this manner enables the offset wave vector to exceed k 0 and extend into the invisible region as demonstrated in Figure 2 .
As both the third and fourth components in Figure 2 contain the required scattered field data, selecting one of these components is sufficient in order to reconstruct the original scattered field. In this paper, the fourth component in Equation (3) is selected and filtered as follows
Taking the inverse Fourier transform of Equation (6) provides the original scattered field from the object under imaging at the measurement plane, z = 0,
While the magnitude of the recovered complex scattered field in Equation (7), |E(x, y, z = 0)|, produces the reconstructed amplitude image of the imaged object at the measurement plane, z = 0, the angle data, ∠E(x, y, z = 0), provide the reconstructed phase image. In order to obtain the complex scattered field at the object plane at a distance of z = d from the measurement plane, z = 0, back-propagation is applied following the definition of the wave propagation vector in the propagation axis (z-axis), k z , as a function of wave propagation vectors in the x-and y-axes, k x and k y , as follows
Introducing k z enables the filtered fourth PWS component at the measurement plane, z = 0, given in Equation (6) to be back-propagated to the object plane, z = d, whose inverse Fourier transform gives the complex scattered field at the plane of the imaged object, E(x, y, z = d),
While the amplitude of the obtained field in Equation (9), |E(x, y, z = d)|, produces the reconstructed back-propagated amplitude image, the phase data, ∠E(x, y, z = d), provide the back-propagated phase image of the imaged object.
IMAGING RESULTS AND DISCUSSIONS
In order to demonstrate the ability of the proposed indirect microwave holographic imaging technique with back-propagation to produce good quality images of concealed ordnance, the imaging of a printed metallic gun concealed in a pouch was carried out. The indirect microwave holographic imaging measurement set-up of the metallic gun concealed in the pouch is demonstrated in Figure 3 .
As can be seen in Figure 3 , the gun was printed upon a piece of cardboard and placed inside the pouch at a distance of z = 200 mm from the antennas in the measurement plane, z = 0. The measurements were taken at 12.5 GHz over an imaging aperture of 432 mm × 432 mm with a sample spacing of ∆x = ∆y = 6 mm in the x-and y-axes, λ 0 /4, producing a square holographic intensity pattern matrix consisting of 72 × 72 elements as demonstrated in Figure 4(a) . The obtained holographic intensity pattern matrix was then zero padded to 256×256 as shown in Figure 4 (b) to smooth the Fourier transform response and Fourier transformed in order to obtain the PWS of the gun as demonstrated in Figure 5 .
The fourth component highlighted in Figure 5 was selected and inverse Fourier transformed to recover the complex scattered field at the measurement plane while the DC first and second central components and the third component were filtered off. The reconstructed amplitude and phase images at the measurement plane are shown in Figure 6 with the actual position and outline of the gun in the pouch highlighted.
As can be seen in Figure 6 (a), although the reconstructed amplitude image at the measurement plane reveals the presence of an object concealed in the pouch, it is rather difficult to discern the original outline of the gun from this image. The reconstructed phase image at the measurement plane in Figure 6 (b), on the other hand, provides only an approximate outline of the concealed gun. From Figure 6 , it is evident that improvement is required in order to achieve sufficient information for the identification of the imaged gun in the pouch. To this end, the reconstructed scattered field at the measurement plane, z = 0, was back-propagated to the plane of the concealed gun, z = 200 mm, and the amplitude and phase images were recovered as illustrated in Figure 7 .
As can be seen in Figure 7 (a), the reconstructed back-propagated amplitude image at the object plane provides excellent agreement with the actual position and outline of the concealed gun in the pouch. Similarly, the back-propagated reconstructed phase image in Figure 7 (b) is in good agreement with the original extent of the gun, significantly assisting the identification of the imaged gun concealed in the pouch.
CONCLUSION
The indirect microwave holographic imaging of a metallic gun concealed in a pouch has been demonstrated. It has been shown that the proposed indirect microwave holographic imaging technique can mathematically recover the complex field scattered from the imaged object using low-cost intensityonly scalar microwave measurements and produces good quality images when back-propagation is applied. The proposed method has a significant potential to be employed in a wide range of imaging applications, including cost-effective security imaging of concealed ordnance in passenger bags at airports.
